Injection and injection-compression moulding replication capability for the production of polymer Lab-on-a-Chip with nano structures
Introduction
The capability of fabricating at low cost and with high volume micro and nano structures into polymer substrates has experienced in the last decade a global increasing interest [1] . Hot embossing (HE), injection moulding (IM) and injection compression moulding (ICM) are recognized as among the most important methods to replicate micro/nano features on polymer [2] [3] [4] . Particularly the achievable accuracy to which the nano geometries are fabricated is key aspect. Replication of surface texture and topography at micro and nano scale are quantified and described using different rules and approaches [5] . Typically a ratio between tool master geometries and the produced part is expressed to quantify the replication quality of different technologies enabled by surface replication. The physical mirroring of the structures during replication introduces the need for comparable measurements (i.e. location of measuring points). At this dimensional scale the lower limit in terms of measurement precision (repeatability) and accuracy (calibration) are reached. As a consequence, the degree of replication dependencies from process condition, tool accuracy, material behaviour and features geometries should be directly correlated to the quantity intended to be measured. It is of central importance to establish clear boundary conditions on which production of nano technology-based product can be enabled by replication technologies. Measurement science and standards are key to provide regulation among international trade and to lower existing barriers in terms of technological challenges [1] . To find these boundaries, dimensional and geometrical metrology require establishing traceability of measuring results as an integrated part of product development, characterization and manufacture. A challenge is represented by the definition of product tolerances and its verification at nano scale [6] [7] [8] [9] . The present work addresses these requirements. A metrological model that deals with the definition of replication fidelity based on dimensional and geometrical metrology is implemented. In an industrial context traceability of measuring results is key, therefore this particular study focus on calibration and establishment of traceability as an integrated part of the proposed measuring solutions.
In this paper, injection molding and compression molding processes capabilities are analyzed comparing experimental results of produced sub-micrometre structures, employed in Lab-on-a-chip (LoC) micronanofluidic devices. The introduction of characteristic geometries called process finger print, within the fabricated nickel shim, enabling product and process quality monitoring is presented. Nano channels gratings were defined as finger print test structures and molded on Cyclic Olefin Copolymer (COC) Topas 5013 L10. The injection molding process setting levels demonstrated in [10] to improve the replication quality of produced sub-micrometer geometries was used as starting point to define the new optimal process windows used during the molding experiments presented in this work. Replication fidelity between master and polymer geometries produced by conventional IM and ICM was quantified in terms of dimensional deviation from the corresponding nickel nano features. The proposed metrological approach allows for the possibility to quantify and compare, within an optimal process setup window, replication capability of the employed polymer processing technology, through calibrated atomic force microscope (AFM) measurements.
Nano-structured tool manufacturing
Based on developments obtained from silicon micro technology, lithography and etching were employed for the creation of different geometries. Electron beam lithography was used to define the nano structures whether photolithographic techniques, were employed to define micro structures using UV light source to activate photo sensible polymer resist covered/uncovered by a pre-patterned mask. Final etching defined depth of designed structures by removing material from silicon substrate. Mask material (silicon oxide for the proposed process chain) was used to selectively shadow the substrate material to be etched. Dry etching providing highly directional (anisotropic) etching of deep structures was employed in combination with reaction of plasma etching in the proposed dry etching electroplating and moulding (DEEMO) process as described in [11] . The presented process enables the production of a nickel shim by electrochemical deposition integrating different critical geometries of existing LoC designs for biomedical applications. Nano geometries produced over different positions of the nickel shim were subsequently revealed by etching the sacrificial silicon wafer (figure 1a). The central part of the shim is finally cut by wire electrical discharge machining to fit the 30 mm x 80 mm active moulding area of the employed mould design. Nano structures produced on the nickel shim were transferred on the final disposable polymer devices (figure 1b) through large volume replication technologies, such as polymer moulding.
Finger print nano features design
In this study geometries designed for a nano fluidic system enabling single-molecule denaturation mapping of DNA [12] were manufactured and used to quantify replication capability of injection moulding and compression moulding processes. The nano channel grating on which DNA molecules are gathered for final optical analysis were identified as the critical features giving product functionalities. Therefore to obtain an effective product and process monitoring process finger print geometries (see figures 2a-d) were manufactured reproducing the same critical features of the functional LoC device bio-sensing application. The identified critical geometries and dimensions, figure 1c, of the LoC´s nano channels were manufactured at different distances from the injection gate, figure 1b. With the introduction of these process-sensitive and representative finger print features, the inspection effort can be more efficient and effective by establishing the relation between nano moulded product quality parameters and the finger print quality response. In addition, product quality is increased by ensuring measurement traceability and measurement relocation.
Measurement uncertainty
Quality control of nano-objects is a key issue for product validation. Typically, in precision engineering oriented to large volume production, the measuring time and generally the inspection effort required to assess critical structures quality heavily influences the final product costs. These requirements are not trivial in nanomanufacturing especially if measurement time has to be comparable to part production time. Considering current state of the art of commercially available optical instruments lateral resolution is the main limiting factor for effective in-line quality control of nanostructured polymer surfaces. Current studies [13] , [14] focus on new approaches to enable fast and robust characterization of textured surfaces in the nano meter range. AFM works in this scenarios as key reference techniques towards measurements traceability and optical system measurements capabilities verification. Uncertainties involved in the measuring procedure and instrument bias errors must be smaller than the product dimensional and topographical variations to perform robust and reliable analysis. For these reasons a calibrated AFM (NX20, manufactured by Park Systems) was used to assess and quantify the replication quality of produced functional and test structure geometries over the different substrates (i.e. from the nickel shim to the polymer part). In the AFM used the scanning tip is mounted on a separate z-flexure stage equipped with strain gauge distance sensors for accurate surface height measurement. The sensitivity of the strain gauge distance sensors is calibrated traceable to a step height standard which was calibrated by a metrological large range scanning probe microscope equipped with three stabilized laser interferometers ultimately traceable to the SI-unit metre [15] and [16] . The evaluation of the height deviation between polymer channels depth and the respective nickel trenches height is defined as dev h , see equation (1) . This measured quantity ( dev h ) gives the replication fidelity as the deviation of the polymer feature depth pol h from the corresponding height of the nickel master nickel h .
Accuracy, precision of measuring results and measuring time were considered in order to find an optimal setup for the measurement campaign. Scanning areas of 10 µm × 10 μm were performed over nickel and polymer substrates on the same characteristic features in order to calculate dev h while minimizing the influence of relocation on different substrates. Channels and trenches heights were analysed using a commercially available scanning probe processing software [17] applying for each scanned structure the ISO 5436 profile analysis procedure [18] (figures 2e and 2f). Errors contributors composing the combined uncertainty were quantified following the guide to the expression of uncertainty in measurements (GUM) [19] . In particular, type B uncertainty evaluation was calculated for uncorrelated (independent) input quantities identified. The model function for the measured quantity is ) (
where the two terms pol h and nickel h are the observed height or depth of the polymer and nickel features calculated as:
where is the linear correction factor for the sensitivity of the distance sensors in the vertical z-direction. The linear correction factor is measured as the ratio of:
where obs step, h ∆ is the observed step height of the step height standard and cert step, h ∆ is the "true" step height of the step height standard measured by laser interferometers as described above. The combined standard uncertainty evaluation based on (1) 
The most influence parameters and their size are briefly discussed below:
is the uncertainty of to the linear correlation factor. This is influenced by ures = vertical instrument resolution; uc,z = variability of the calibration factor calculated as standard deviation of repeated independent measurements on calibrated artefact; ucal = calibration uncertainty of reference artefact, a calibrated step height standard reference [20] ; unoise = instrument background noise. The uncertainty for ) ( z C u is estimated to be 0.02.
• uAFM,z = is estimated as experimental standard deviation of 5 repeated measurements on the same manufacture nano feature (whether nickel or polymer).
• ufeatures,z = is estimated as experimental standard deviation of repeated measurements on 5 different features on the same scanning area to estimate feature reproducibility in terms of master making and polymer replication.
• usample,z = is estimated as experimental standard deviation of repeated measurements on 5 different features on 5 different scanning areas.
Since repeated measurements on the same scanning area as well as on different areas of the components are also affected by the instrument repeatability itself, the largest contributor related to instrument repeatability (uAFM,z, ufeatures,z, usample,z) was selected to not overestimate the effect of instrument repeatability and re-location [21] . Based on this and considering the uncertainty contribution given by the first term of (5) 
where coverage factor k = 2, for a confidence level of 95%. 
Moulding processes
The nickel shim with active moulding area of 30 mm × 80 mm was mounted on the movable half of the mould and assembled with an adaptable window containing runner and gate, see figure 3 . In the current study, a mould equipped with an oil heating system was employed. The moulding equipment adopted for the study is a full electric injection machine with screw diameter of 18 mm and maximum clamping force of 600 kN. On the same machine both IM and ICM were run. Both processes replicate positive or negative geometries manufactured directly in one or both half of the mould or else in interchangeable shims of different materials (nickel in the present case) fixed in one half of the mould. The material melts under the effect of the created friction of the screw and heater bands all along the injection cylinder. During the metering phase the screw with the rotary movement push the polymer in front of the screw tip, subsequently the melt polymer is injected by the screw pushed forward pressurizing the melt in front of the screw into the mould hydraulically closed at the beginning of the cycle. The ICM process is characterized by the same process cycle operations as in IM with the difference that a compression phase is added at the end of the injection phase. In ICM the two mould halves are kept at a certain distance during the injection phase allowing the polymer melt to flow inside the mould cavity. At the switch-over point the machine applies the clamping force and closes the two halves of the mould sealing the cavity. By establishing the compression phase a more uniform distribution of the cavity pressure is obtained while the polymer completes the filing phase.
Machine repeatability tests for both the configurations used during the experimental phase were carried out to verify process variation in terms of injection pressure. In particular the process parameter set for the data acquisition were:
• Injection moulding (IM): mould temperature (125°C); melt temperature (265°C); injection speed (150 mm/s); packing pressure (500 bar).
• Compression moulding (ICM): differently from the injection moulding the only parameter that had to be decreased to 115°C was the mould temperature not significantly influencing the maximum value of the injection pressure. Compression gap (0.5 mm) and switch over point (13 mm) were kept constant during the acquisition.
Acquisitions started after the machine was stabilized over the set process parameters values (approximately 25 moulded parts). Average maximum injection pressures (i.e. of switch over point from filling to packing phase) were 633 ± 3 bar and 581 ± 2 bar for injection moulding and compression moulding respectively.
Dimensional variation of 10 parts produced during machine repeatability tests for IM and 10 parts produced by ICM were assessed measuring test structures in position one (TS1) on both vertical and horizontal gratings. Each TS1 (vertical and horizontal gratings) were measured in 3 different location of 5 µm x 5 µm. The variability of TS1 dimensional variation calculated as standard deviation of repeated independent measurements was equal to 1.8 nm and 2.6 nm for IM and ICM respectively.
Injection moulding
The experimental IM phase was designed following results obtained in [10] that identified optimal process settings to replicate deterministic geometries in the sub-micrometre meter range. High mould temperature (130° C), melt temperature 250° C, high injection speed (150 mm/s) and high level of packing pressure (600 bar) were demonstrated to decrease product dimensional variation and improve replication quality. The listed settings were used as initial reference to identify the new optimal process window for current study. The process levels were finally set according to the following:
• Mould temperature levels were set at 115°C, 120°C, 125°C, following material supplier recommendation and to allow micro and nano feature replication, complete part filling of the cavity at the selected high injection speed and to allow demoulding of the part from the cavity within acceptable cycle time.
• Melt temperature 255°C and 265°C was chosen as balanced value to avoid material degradation, and premature solidification during the filling of the cavity.
• Packing pressure levels were set at 500 bar and 600 bar allowing acceptable shrinkage compensation, dimensional accuracy, automatic demoulding without distortion, ensuring highest packing of the part and avoiding any over packing effect.
• Injection speed 150 mm/s and 200 mm/s considering the polymer capability to fill the cavities and replicate nano features before the melt flow solidifies, induced shear stress on polymer physical and optical properties; poor venting effectiveness resulting in diesel effect.
During the IM design of experiment (DOE) phase, 4 process parameters have been controlled in order to determine their influence on the surface replication. A general factorial design has been carried out performing a total of 3 x 2 3 = 24 moulding experiment combinations. Final measuring set up considered possible implementation in a production environment where trade-off between accuracy, precision of measuring results and especially scanning time are very relevant. Based on the preliminary machine tests and high dimensional accuracy measured over different samples sampling procedure was introduced to assess dimensional quality of produced samples. For each setting of the DOE 20 mouldings were run to obtain a stable and continuous process. After, 10 parts for each DOE combination were moulded and one sample for each DOE setting was randomly selected and measured. The replication quality of the produced features quantified as described in (1) was evaluated for the two different grating directions (i.e. parallel to flow and perpendicular to flow) at different distances from the gate position (TS1, TS2, TS3, TS4).
Compression moulding
The same insert with fabricated sub-μm structures was employed to produce the polymer parts. The optimization study performed using the same polymer COC 5013 for the IM process was used to establish the reference setting for the ICM experiments. The IM process setup that ensured features replication, acceptable cycle time and effective demoulding was selected (mould temperature = 115°C, melt temperature = 265°C, injection speed = 150 mm/s, packing pressure = 500 bar).
After partial filling of the cavity during the injection phase, the compression phase starts by applying the machine clamping force. The clamping force application was dependent and controlled by the screw position.
During the experiments two main process parameters of injection compression were selected (based on [22] , [23] , [24] ) and investigated: switch-over point (change point from velocity-controlled phase to pressurecontrolled phase, that here represents the starting of the compression phase) and mould opening distance. Effects of moulding conditions on the replication fidelity of the test structures at different distances from the gate were quantified. A 3 2 (3-levels, 2-factors) full factorial design has been carried out performing 9 moulding experiment combinations. As in the case of the injection moulding experiments, for each setting of the ICM DOE 20 mouldings were run to obtain a stable and continuous process. After that, 10 parts for each DOE combination were produced and one sample for each setting was randomly selected and measured. The different process settings were established considering process feasibility and final part quality. In particular the process levels were set according to the following:
• Compression gap levels were set at 0.5 mm, 0.7 mm, and 1 mm to ensure complete part filling and absence of part defect (e.g. diesel effect due to possible air entrapment, at the selected injection speed of 150 mm/s, presence of flash in the part).
• Switch over point levels were set at 12 mm, 16 mm, 20 mm, to ensure acceptable shrinkage compensation, dimensional accuracy, automatic demoulding without distortion and to avoid any flash formation during the compression phase when clamping force was applied.
Discussion and results
The results from the injection moulding experiments are shown in the form of main effect plots ( figure 3 ). Differences between outputs for different level settings of the considered factors are compared. Hence, the effects of different responses affecting the replication quality (height deviation) of produced structures are represented. Results from the injection moulding experiments, figure 3, show that higher mould temperature (125°C) enhances replication fidelity between the nickel insert geometries and the transferred test structures geometries.
Close to the gate position, the effect of different mould temperatures on final replication quality are less significant due to the fact that this is the zone where the polymer solidifies last, i.e. where even a lower mould temperature is effective in promoting high replication fidelity. On the other hand, mould temperatures become a critical parameter for longer flow length. High mould temperature is required to improve replication for test structure positions far from the gate. Packing pressure presents similar trends for the measured test structures at different distances from the gate. More significant effect of the packing pressure is observed on test structures at increasing distance from the gate. Lower packing pressure resulted in being more effective in ensuring higher replication of the structures dimension. The higher level of packing pressure results in a decrease of features replication. This phenomenon suggests that a limit exists to packing pressure level (even before flash on the part occurs) due to increasing mould deflection occurring at high packing pressure settings [25] . Further, considerations can be made observing the effect of injection speed on the part dimensional deviation from the original master geometries. Injecting at higher speed would allow the polymer to flow for longer distances inside the mould cavity at higher temperatures giving a more effective filling even at a nanometre level where polymer viscosity play an important role [26] . However, a lower replication can be obtained at high injection speed settings due to limited air evacuation from the cavity [27] . Measurement results show that feature replication, for the employed polymer, gate dimensions and part geometry, degrades at high injection speed (200 mm/s), limiting its potential advantage to improve the replication fidelity. , where for a compression gap of 1 mm the product dimensional fidelity from the master geometries dimensions decreases. The lower replication degree at position 2 when applying a 0.5 mm gap before compression, is due to reduced air evacuation from in the mould which limits the feature replication. Further, the decreased feature replication measured in position 4 in correspondence of 1 mm gap is due to polymer premature cooling, i.e. to its higher viscosity. In fact, a larger compression gap causes a higher heat dissipation which promotes a decrease of melt temperature, hence increasing the melt viscosity. Additionally, results show that the switch-over point (regulating the amount of material entering the cavity prior compression as well as the moment at which the compression phase starts) has a significant effect on the replication quality of investigated geometries. Especially for positions 1 and 4 an earlier switch-over point is effective in promoting feature replication in the compression phase. The gratings orientation with respect to the flow direction has shown smaller deviation for the horizontal features than for the vertical features in both IM and ICM. Features variation up to 5 nm and 10 nm were measured for IM and ICM respectively. 
Conclusion
The accuracy and precision of injection and injection compression moulding processes were established to validate the process chain for the fabrication of nano structured polymer surfaces. Test structures designed in the form of nano channels gratings parallel and perpendicular to the flow direction, were introduced with the purpose of monitoring the production process. The formulation of the uncertainty values for uncorrelated input quantities has been presented. Traceability of measurements results was ensured by calibrated AFM measurements. DOE optimization procedures have been carried out for both moulding processes measuring the height deviations of replicated test structures compared with nickel master geometries dimensions. As far as the investigated injection moulding process windows is concerned, results of the analysis showed that high mould temperature (125 °C), high melt temperature (265 °C), low level of the injection speed (150 mm/s) and low level of packing pressure (500 bar) decreased deviations of polymer features from their corresponding features in the nickel mould i.e. improved the replication quality. A further process characterization was performed for the compression moulding process. Replication quality assessment of the produced polymer features indicates that different compression gaps caused larger (16 nm) structures dimensional variation for feature positioned close to gate than structures positioned far from the gate (8 nm). Different compression gaps have significant effect on the replication of the produced nano features. In particular, with 0.5 mm compression gap, limited air evacuation from the mould during the compression phase could be achieved, negatively affecting the test structure replication in position near to the gate. Also, polymer higher viscosity due to cooling caused by larger (1 mm) compression gap, lower replication fidelity for test structures position at the end of the cavity.
The finger print test structure concept has been validated to achieve process calibration through traceable measurements for the verification of surface sub-µm structures replication fidelity. On this respect, the capability of quantifying process-and product-induced deviations in the single digit nanometre dimensional range of the moulded nano features was demonstrated.
